Drag Force Analysis of Vehicle Roof Accessories by Broad, Jacob
University of Southern Queensland 
Faculty of Health, Engineering and Sciences 
Drag Force Analysis of Vehicle Roof Accessories 
A dissertation submitted by 
Mr Jacob Broad 
In fulfilment of the requirements for 
Courses ENG4111 and ENG4112 Research Project 
Towards the degree of 
Bachelor of Engineering (Honours) – Mechanical Engineering 





Roof racks are extremely helpful devices that allow large, bulky objects to be attached to the 
roof of a vehicle. They are generally utilised for extended trips when extra equipment and 
supplies are required. By design, roof racks and additions do not exhibit any aerodynamic 
features and can therefore increase the drag force and subsequently the fuel usage 
experienced by a host vehicle significantly. This issue is somewhat under-stated in the 
literature. This project aims to analyse the drag force of a vehicle without a load and compare 
it to a vehicle fitted with roof racks and a load. Next, some load modifications and 
optimisation will be displayed to evaluate the effects on drag force and fuel economy.  
 
The project used ANSYS computer software to investigate the drag increase caused by roof 
racks and a load. Wind tunnel testing was performed to verify the Computational Fluid 
Dynamics simulations before official results were obtained. The results showed a constant 
drag increase of 47% for roof racks and a load across a variety of wind velocities, increasing 
the fuel usage of the vehicle by 3.5 L/100 km.  
 
The load design was then subjected to four unique modifications which added material to the 
original load in order to reduce the drag force. Using ANSYS computer software, drag and 
flow visualisations were used to obtain the most effective load design. The dimensions of this 
design were optimised to reduce the drag force as much as possible. The final design 
enhanced the fuel economy of the vehicle by 1.5 L/100 km compared to the original load 
design. When considering a large journey of several days, this modification has the potential 
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Australians and visitors alike love exploring the picturesque country of Australia. Driving 
around Australia’s perimeter in a vehicle packed to the brim with supplies is perhaps the most 
popular way to achieve this. These journeys commonly cover thousands of kilometres and 
take many weeks. For instance, the trip from Sydney to Cairns covers 2500km following the 
east coast of New South Wales and Queensland. In these lengthy expeditions every 
inefficiency is magnified and the rooftop tent, hefty spotlights and extra-large side mirrors 
start gaining notable influence in vehicle dynamics.  
 
Although air is invisible it still opposes a vehicle’s movement significantly and is an ongoing 
challenge for vehicle manufacturers as they seek to improve fuel economy and reduce 
environmental impacts. The exterior shell of vehicles has been streamlined over the years in 
an attempt to encourage airflow. These improvements have been documented thoroughly to 
ensure the shape of all future vehicles are as sleek as possible. However, the aerodynamic 
integrity is lost when accessories are attached to the exterior.  
 
Roof racks are one of the most popular additions to a vehicle. They utilise the large 
unaccommodated space on the roof for extra storage and are most useful for bulky items such 
as surfboards, skis and camping equipment. Their simple design allows objects to clip on or 
tie down with minimal effort. Many modern cars are equipped with roof racks from the 
factory and cannot be removed. Therefore, hefty research over the years has attempted to 
minimise their permanent aerodynamic impact. 
 
1.2.  Outline of the Study 
 
This project will be expanding on research performed by Hol & Agrewale (2019) who 
compared the drag coefficient between different variations of roof racks using computer 
software and wind tunnel testing. The paper focussed on empty roof racks and experimented 
with one wind velocity. This project has the primary objective to investigate the increase of 
drag caused by loaded roof racks with multiple wind velocities.      
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The results will provide a solid foundation for performing an optimisation study which will 
attempt to reduce drag by altering the location or shape of the roof racks and load.  
 
1.3. Aims & Objectives 
 
This research project aims to increase knowledge of the aerodynamic effects of roof racks on 
vehicle performance. In this study extensive real-world testing will be performed using ANSYS 
CFD computer software and then verified by wind tunnel trials. Methods of reducing drag will 
then be investigated using CFD software by altering the profile and position of the roof rack 
load. For this project, the main objectives are to: 
 Create computer models of a vehicle on ANSYS software, 
 Perform simulations and investigate the aerodynamics of a vehicle with and without 
roof accessories, 
 Build small-scale models of a vehicle using 3D printing technology, 
 Test models in a wind tunnel to verify the CFD simulations, 
 Develop methods of reducing drag and test them with the ANSYS software, 
 Make recommendations for reducing drag and suggestions for future work. 
 
This project has the potential to be very complex so the scope has been restricted considerably. 
A single load type, roof rack and vehicle model will be selected and used throughout the project 
for simplicity. However, the concepts of this project will be applicable to various vehicle types 
and loads. This is achieved by expressing the increase in drag as a percentage.  
 
1.4. Consequential Effects 
 
This research project will increase knowledge and raise awareness about external vehicle roof 
accessories and their aerodynamic effects. It could also potentially open up avenues for the 
development of other vehicle accessories to reduce drag. The paper will be valuable in the 
following ways: 
 Verify ANSYS CFD computer software with real-world wind tunnel testing, 
 Bring attention to vehicle accessories and their interaction with airflow, 
 Reduce drag and increase fuel economy for drivers who utilise roof racks. 
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Altering the aerodynamics of a vehicle should not be understated as even the smallest 
improvement has the potential to produce large financial savings over long distances.              
Roof racks are commonly utilised for extended trips since extra equipment is required. In these 
situations, fuel economy is particularly relevant as substantial amounts of fuel will be 
consumed in a short time.  
 
As with most major technical tasks, this project contains some issues in the areas of 
sustainability, safety and ethics. The majority of the project will be performed using computer 
simulations, however 3D printed models will be required for the wind tunnel tests. The amount 
of printer filament used should be minimised in order to reduce the amount of waste plastic 
created, and after the experiments the plastic models should be recycled to diminish their 
environmental impact. Also, collecting physical data through the use of a wind tunnel carries 
several risks such as excessive noise and the potential for flying debris. A risk management 























Chapter 2 - Literature Review 
 
2.1.  Overview 
 
To investigate aerodynamic drag on a vehicle and roof rack loads it was necessary to critically 
analyse the literature to find current information. The fundamentals of aerodynamics were 
reviewed to understand the impact of solid objects on fluid flow and the corresponding drag 
force acting on the object. Design development of vehicles over the last 100 years was 
examined to see how drag was reduced without limiting functionality. Roof racks and their 
additional accessories were reviewed, as well as current knowledge on their aerodynamic 
effects. Finally, ways to measure the drag force and visualise flow around a vehicle were 
investigated and discussed. 
 
2.2. The importance of aerodynamics 
 
Vehicle movement is hindered by the friction between the tyre/road interface and the drag 
force from the air. These are known as the rolling resistance and aerodynamic drag and are 
the two main issues faced by vehicle designers. The rolling resistance originates from 
frictional forces and therefore stays fairly consistent with speed. However, drag rises 



















The aerodynamic drag shown in blue (Figure 2-1) represents more than half of the total 
opposing force by the 60km/hr mark. Chowdhury et al. and Chen & Meier both found that for 
a vehicle travelling at a speed of 100km/hr, the aerodynamic forces contribute up to 80% of 
the total force (2012 & 2016). Thus, any small addition to the exterior of a vehicle can 
significantly increase opposing forces.  
 
2.3. Laminar and Turbulent flow 
 
The Reynold’s number was developed as a dimensionless quantity that examines the flow of 
a fluid and determines its nature. It is defined as a ratio between the inertial and viscous 
forces of the fluid (Saleh, 2019). Fluid that flows in regular or smooth paths without mixing 
is considered laminar as opposed to turbulent flow which is random, chaotic and irregular. 
The Reynold’s number can be calculated using the following equation. 
 





ρ is the density (kg/m3), V is the velocity (m/s), LC is the characteristic length (m) and 𝜇 is the 
dynamic viscosity (N.s/m2). 




A Reynold’s number of 2100 or less warrants a laminar flow, above 4200 is considered a 
turbulent flow and in-between is labelled a transitional flow (Reactor Physics, 2019). Vehicles 
can be expected to experience turbulent flow due to the variability of the environment in which 













The laminar streamlines shown in Figure 2-2 are mostly unaffected by the obstacle and 
maintain regular and smooth paths, while the obstacle in the turbulent path causes disorder in 
its wake by producing eddies and recirculation. This is caused by the boundary layer effect. 
 
2.4. Boundary Layer and Flow Separation 
 
As an object and a fluid interact, surface roughness and viscosity create friction. The fluid 
molecules stick to the surface and collide with other molecules, slowing them down and in 
turn, the next layer of molecules above them.  A thin film of fluid known as the boundary layer 
is created around the surface of the object. If a surface of the object is perpendicular to the 
flow, there is a potential for the surface to take all of the energy from the streamline, 
diminishing the fluid velocity to zero within the boundary layer. This is known as the stagnation 
point and increases the drag force significantly (Figure 2-3). The boundary layer is one of the 
main areas focussed on in aerodynamics since it is the location in which the viscous shearing 
forces caused by the fluid are significant (Saleh, 2019). The other critical area is the wake as 
the fluid leaves the object. 















The velocity of the boundary layer drops due to friction and eventually the flow detaches at the 
separation point (Figure 2-3), either joining potential flow streamlines or transforming into 
eddies and vortices. These are detrimental to the object as the swirling fluid as shown in Figure 
2-2 creates the effect of pulling the object backwards, thus increasing drag. An abrupt edge will 
cause the flow to detach sooner and will result in a larger wake. Thus, smooth trailing shapes 
encourage airflow over the entire length before detaching to minimise the severity of eddies 
and vortices. 
 
2.5. Drag Force 
 
The drag force experienced by an object is dependent on its size, speed and flow 
characteristics. The equation for drag force (D) measured in newtons is seen below (NASA, 
2014). 
D = C𝐷 ×  
V2
2
× ρ × A  
 
 CD is the drag coefficient, V is the velocity (m/s), 𝜌 is the density of the fluid (kg/m3) and A 
is the cross-sectional area (m2). 
 
The squared term in the drag force equation signifies that the velocity of an object travelling 
through a fluid increases the opposing forces exponentially and therefore is the most 
influential variable.                                    




The drag experienced by a vehicle travelling at 100km/hr will be four times greater than if it 
was travelling at 50km/hr. Ultimately, the drag will continue to rise with velocity until the 
opposing forces equal the power of the vehicle and terminal velocity is achieved. However, 
this is out of the scope of this paper. 
  
The size of the object is another major factor in calculating drag. The frontal cross-section 













The Ford Ranger shown above has a wheel track (E) of 1560mm, a total width (B) of 
1860mm and a height (C) of 1821mm (Ford Motor Company, 2017). The total space taken up 
by the vehicle is 3.39m2, however, due to the vacant space underneath, the slanting of the 
windows and the presence of side mirrors, the effective cross-sectional area is approximately 
2.9m2. These features influence the coefficient of drag. 
 
The drag coefficient represents and combines several conditions of the environment body 
shape, compressibility, viscosity and inclination as noted by NASA (2015). The body 
shapeand orientation provide the most influence in determining this number, resulting in a 
complex process to calculate. As a result, the drag coefficient is generally retrieved from 
experimentation. NASA performed tests to derive this coefficient of several common objects 
and the results of two objects can be seen below in Figure 2-5 (2015).  
 





It was discovered that an airfoil will allow air to flow over it twenty-eight times more 
effectively than a flat plate and this teardrop shape matches the cross-section of most aircraft 
wings today.  
 
2.6. Automotive Aerodynamics 
 
The first motor vehicles in the early 1900s were not built with aerodynamic drag in mind as 
their primitive engines could not reach high enough speeds for drag force to become an issue. 
Body shapes in this time period were boxy and rigid and most had a coefficient of about 1.0 
(Princeton University, 2002). A typical vehicle of the time was the first mass produced vehicle, 
















Figure 2-5 – Drag Force Coefficient of Different Shapes (NASA, 2015) 
Figure 2-6 – 1916 Ford Model T (Simpson, 2015) 
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It wasn’t until 1934 when automobile manufacturers began to take an interest in reducing air 
resistance when Chrysler produced the Airflow (Burrell, 2012). The vehicle was designed with 
aerodynamics in mind, sporting a smooth trailing body and a resulting drag coefficient of about 
0.58 (Bettes, 1982). It was one of the first models to introduce wheel wells in an attempt to 













Automobiles in the 21st Century are still following this trend and vehicle manufacturers spend 
millions testing their new models in wind tunnels to ensure they are aerodynamically efficient. 
Similar to an airfoil, the 2013 Mercedes-Benz CLA body resembles a tear drop to push its 
coefficient of drag down to 0.22 which is one of the lowest in production (Winter, 2013).      
              
Figure 2-7 – 1934 Chrysler Airflow (Burrell, 2012) 
Figure 2-8 – 2013 Mercedes-Benz CLA with Flow Visualisation (Winter, 2013) 
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Smoke visualisation as shown in Figure 2-8 displays the streamlines over the car. Reducing the 
impact of the body to the air flow will decrease the drag. Automotive aerodynamics is an 
incredibly complex topic and there are seemingly limitless ways to improve airflow. It is clear 
from a brief automobile history, however, that increasing the aerodynamics of a vehicle is 
primarily achieved by reducing sharp edges and introducing trailing shapes. As discussed in 
the last section on drag force, shapes that resemble a teardrop perform the best.  
 
2.7. Roof Racks 
 
Camping and extended trips are enjoyable activities that encourage people to leave the comfort 
of their homes and explore nature. A trip that lasts for more than a few days requires a 
significant amount of equipment and supplies. This is directly influenced by the number of 
people involved, type of vehicle and often the remoteness of the journey. With limited space 
inside the vehicle, alternate locations are sought after to carry bulky gear.  
 
Roof racks were produced to take advantage of the large unused area above the vehicle. Metal 
frames span a section of a vehicle roof and act as anchors to carry equipment. Some of the 








































Each type of roof rack is suited to carry specific loads. Figure 2-9a is suited for heavy 
equipment and Figure 2-9b was designed as a multi-purpose rack to carry long objects. 
Supplied with a railing and front wind deflector, Figure 2-9c is most useful to carry multiple 
smaller objects. A study conducted by Chen & Meier determined that up to 3% of vehicles in 
the United States have roof racks installed and this is expected to rise as new vehicle models 
come with them factory installed (2016).  
 
2.7.1.   Roof Rack Add-ons 
 
Roof racks are designed to free up space inside a vehicle by securing bulky items to the roof. 
The most popular items include surfboards, skis, ladders, camping equipment, swags and 




Figure 2-9 – Roof Rack Variations: a) Pioneer Platform, b) Double Bar, c) Open Cage 

















Equipment that is commonly taken in a roof basket can be seen above in Figure 2-10. It contains 
essential gear for camping in a remote area such as a swag, a tent, a generator, petrol and water. 
This gear would take up most of the room in the cabin and also release dangerous fumes 
resulting in health and safety issues.   
 
2.7.2. Roof Rack Aerodynamics 
 
It is clear in the literature that millions of study hours have been undertaken to improve the 
aerodynamics of vehicles. In more recent times, as the overall shape has become more 
aerodynamic, specific areas of vehicles are now being examined more closely. Song et al. 
carried out work to optimise the wheel arches, wheels and side mirrors to reduce drag and wind 
noise (2012). Studies have been performed on vortex generators and confirmed their marginal 
improvement of airflow and re-attachment (Koike et al., 2004). There has also been 
enhancement in spoiler design and many high-performance cars now use active wings which 
have the ability to raise or lower depending on the car’s speed (Enright, 2017). Additions to 
the roof of the vehicle are being addressed also. 
 
Roof racks have received some attention in the field of aerodynamics. A large-scale project 
was carried out by Chen & Meier who used crowd sourcing, online forums and traffic cameras 
to determine the impact of roof racks on the United States of America (2016).                                 
Figure 2-10 – Loaded Roof Basket (Arthur, 2018) 
14 
 
The study discovered that roof racks, mostly empty, increased the fuel consumption of the 
country by 1% and is costing Americans $30M USD every year. This is a significant increase 
in consumption considering only 3% of vehicles have roof racks (Chen & Meier, 2016). 
Chowdhury et al. performed wind tunnel tests on a full-sized car to determine the drag effects 
of add-ons including a police siren, advertising sign, taxi sign and roof rack (2012). It was 
discovered that an empty roof rack increased the drag by an average of 12.5% while a roof rack 
with a ladder increased it by 17.3%. A similar study by Thomas et al. found that a sedan with 
all windows open, low tyre pressure and a cargo box attached to the roof resulted in the fuel 
economy dropping by 25-27% at high speed (2014). Figure 2-11 depicts the increase in fuel 























Figure 2-11 – Roof Racks Effect on Fuel Consumption (Zacharof et al., 2016) 
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The data varies between sources but most agree that roof racks and add-ons increase fuel usage 
by at least 5% and a few suggest it to be as high as 12%. It appears that more experimentation 
may be necessary to confirm these results. However, it should be kept in consideration that 
roof racks come in a variety of shapes and sizes, as does their cargo. More drag will be produced 
by a larger item.  
 
It is clear that unused roof racks increase the fuel consumption of vehicles. Thus, the quick 
release of ‘pop-up’ roof racks was designed and patented by Albaisa & Cupit to allow sturdy 
roof racks to be removed when not in use (2002). A similar idea by Won et al. saw a pair of 
channels dug out of the roof of a vehicle to allow roof racks to be retracted into the channels, 
effectively removing them from the roof (1999). This patent provided the added convenience 
of storing the roof racks inside the roof. 
 
All of the studies on roof racks and associated add-ons have focussed specifically on the 
increase in drag and corresponding fuel consumption. No recommendations for reducing this 
opposing force have been offered without removing the roof racks completely.  
 
2.7.3. Roof Accessory Aerodynamics 
 
In recent times, some designers have noticed the potentially large impact roof rack accessories 
have on vehicle performance. To combat drag, a storage container designed to attach to the 
roof of a vehicle was produced, known as the rooftop pod (Figure 2-12). 
 
Figure 2-12 – Thule Rooftop Pod (Roof Rack Store, 2019) 
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The pods are designed to be aerodynamically effective by having a smooth trailing body with 
a minimal front cross-sectional area. Due to this long and thing shape, only smaller objects can 
be taken within the pods. 
 
2.8. Wind Tunnels 
 
Investigating the aerodynamics of an object can be challenging, primarily due to the complex 
and variable nature of turbulent flow. Wind tunnels were developed as a research tool, 
providing a realistic but controlled environment in which fluid dynamics is studied. Air is 
passed through a tunnel at the desired velocity, pressure and density to test an object’s 
aerodynamic ability. Large wind tunnels are used by companies in the aeronautical and car 
industries to fine-tune their newest unreleased models. However, these large-scale tunnels are 
mostly inaccessible to the public due to the hefty expenses of construction and operation (Light 
et al., 2011). An inexpensive alternative is to utilise a small-scale wind tunnel. Gathering lift 
and drag data using small models has been effective in design optimisation.   
 
2.8.1. Wind Tunnel Fundamentals 
 
Wind tunnels are denoted by their wind speed capability in relation to the speed of sound, 
which has a Mach number (M) of 1. They are classified in increasing order of wind speed; 
subsonic (M < 0.8), transonic (0.8 < M < 1.2), supersonic (1.2 < M < 5.0) and hypersonic (M 
> 5.0) (Hall, 2015). Subsonic tunnels are utilised for ground vehicles while the rest are useful 
for high-speed aircraft such as jets and rockets. USQ Toowoomba has a subsonic wind tunnel 
in the Thermo-fluids laboratory located in the Z-block.  
 
The USQ wind tunnel is 3.7m long and has a test section of 0.305 x 0.305 x 0.6 m. Air is sucked 
inside via the inlet cone and evenly accelerated through the test chamber. A grille prevents any 
loose items being hurled into the large fan which draws air through the tunnel at up to speeds 























2.8.2. Control & Instrumentation Unit 
 
The wind tunnel has several hardware connections that allow for accurate data collection. This 
includes a force balance, differential pressure transducer, manometer and 32-way pressure 
display unit (Tecquipment, 2019).  
   
Two pitot-static tubes monitor the pressure upstream and downstream of the object and are 
displayed in the black rectangles underneath the large TQ symbol (Figure 2-14). This can be 
utilised to verify the wind velocity presented on the screen using the following equation.  
Figure 2-13 – AF100 Subsonic Wind Tunnel (Tecquipment, 2019) 
Figure 2-14 – Wind Tunnel Display Unit 
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V is the fluid velocity (m/s), P is the upstream pressure (Pa) and 𝜌 is the fluid density (kg/m3). 


















The device can be aligned with the horizontal or vertical axes to measure drag or lift forces, 
respectively. The force in newtons experienced by the object is portrayed digitally on the 




Similitude is a concept which claims that a prototype can be aerodynamically represented by a 
scaled model if they are similar in geometrics, kinematics and dynamics (Stern, 2013). If the 
Reynold’s number of a prototype matches or is very similar to a scaled model then the results 
will be proportional as seen in the equation below which has been altered from Equation 1.  
  
𝑅𝑒𝑃𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 =
𝜌𝑃 × 𝑉𝑃 × 𝐿𝑃
𝜇𝑃
= 𝑅𝑒𝑀𝑜𝑑𝑒𝑙 =




Re is the Reynold’s number, 𝜌 is the fluid density (kg/m3) V is the fluid velocity (m/s), D is 
the characteristic length (m) and 𝜇 is the dynamic viscosity (N.s/m2). 
 
If the density and viscosity of the prototype and model are kept equivalent, the remaining 
variables form the similitude ratio R (Darmawan et al., 2019).  












   
 
The relationship in Equation 5 effectively states that a prototype experiencing a wind speed of 
10m/s will have the same Reynold’s number as a 1:10 scale model facing a wind speed of 
100m/s. This can be difficult to accomplish as high wind speed is required.  
 
2.8.4. Blockage Effect 
 
Wind tunnels provide an effective environment for testing but they do contain inaccuracies. 
The most significant is caused by the walls surrounding the test chamber. Fluid flow upstream 
and downstream of the test object can be impacted, producing recirculation and wake blockage 
effects (Eltayesh et al., 2019). This produces a difference between the flow in the tunnel and 
the free flow that an object would experience in an open environment.  Minimising this negative 
effect is achieved by reducing the size of the object or increasing the size of the wind tunnel 
test section. The blockage ratio is the frontal cross-sectional area divided by the cross-sectional 
area of the wind tunnel. Studies performed by Choi & Kwon (1998) and Sahini (2004) suggest 
that blockage effects are negligible at 10% or under. It is desirable to keep the ratio as low as 
possible.     
 
2.9. ANSYS Fluent Software 
 
Wind tunnel testing is the most effective way to investigate air flow, however, facilities are 
scarce and expensive to construct and operate (Light et al., 2011). Software developed by 
ANSYS simulates fluid flow for numerous industrial applications. It can be utilised for 
various situations such as blood flowing in veins or air flowing over an aircraft wing 
(ANSYS, 2019). The program provides users with several settings to match the equation 
complexity with the solution quality required. Simulating airflow over a vehicle is very 
helpful for gathering data such as the coefficient of drag which is only accessible from 
experimentation. It should be noted that most industries use physical real-world testing to 






2.9.1. Computational Fluid Dynamics 
 
The ANSYS software uses Computational Fluid Dynamics (CFD) to numerically analyse heat 
transfer, fluid flow and chemical reactions (ANSYS, 2019). Computer software contains 
elaborate algorithms which are used to simulate fluid dynamics. CFD has provided 
advancement in various specialties including airfoil development in aeronautics, jet and 
thermal flow in engine optimisation, drag force replication in vehicle development and cooling 
airflow in electronic components (NPD Solutions, 2016). It is advantageous due to its ability 
to analyse a system at a faster rate and in greater detail than wind tunnel testing, while 
simultaneously requiring less money, resources and physical risks to users.  
 
The CFD algorithms are based on a set of coupled differential equations known as Navier-
Stokes equations. Developed in the early 1800s, Stokes and Navier developed interlocking 
relationships between a fluid’s three-dimensional momentum, continuity and energy at any 
given time (NASA, 2015). After inserting important fluid properties, the five sets shown in 
Figure 2-16 are solved simultaneously to provide results for one cell in the fluid.  
 
 
The variables in Figure 2-16 are as follows: coordinates (x,y,z), velocity (u,v,w), time (t), 
pressure (p), density (𝜌), stress (𝜏), energy (E), Heat flux (q), Reynold’s number (Re) and 
Prandtl number (Pr) (NASA, 2015).              
Figure 2-16 – Navier-Stokes Equations (NASA, 2015) 
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A domain in which the fluid is present is sub-divided into a hefty number of cells or control 
volumes. The Navier-Stokes equations are applied as algebraic equations to each cell and 
numerically solved to complete the picture of flow through the specified domain (NPD 
Solutions, 2016). Powerful computers are essential for timely results due to the large number 
of calculations required. There are five main steps to complete a CFD analysis as defined by 
Patel (2014). 
1. Creating Model Geometry 
2. Defining and Creating Mesh 
3. Setting up the Solver and Physics 
4. Monitoring the Solution 
5. Evaluating the Solution through Results 
 
Every fluid problem requires a unique solution of domain, mesh and solver settings which are 
discussed below. Maximising these parameters will deliver the most accurate solution with the 
least amount of computational resources.  
 
2.9.2. Geometry and Domain Setup 
 
The first step in performing a CFD analysis is to prepare the model and its domain. Models can 
either be imported from a 3D software or created using a program within ANSYS. The more 
complex the geometry is, the more computational resources and time are required. Therefore, 
it is important to gauge the quality of the geometry required for experimentation and match it 














Figure 2-17 – Vehicle inside a Fluid Domain (Autodesk, 2016) 
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Domains are used to define the control volume of fluid flow as seen in Figure 2-17. A larger 
size simulates a real environment with more accuracy, but it also requires more computing 




Dividing a domain into numerous cells is better known as meshing. According to Patel, the 
success of the CFD analysis is largely dependent on the quality of the mesh applied (2014). 
Refining the mesh can improve the quality but will often just increase the computing time.  
According to ANSYS, mesh quality is based on three main criteria (2009). 
 Aspect Ratio – a measure of cell stretching. The higher the ratio, the poorer the cell. 
The ratio should not exceed 5:1.   
 Smoothness – is measured by the growth of cells. Rapid changes in cell volume between 
adjacent cells causes large errors and inaccuracies. 
 Skewness – the difference between the cell shape and a perfect shape. In the case of a 
triangle or tetrahedron, the shapes should be an equilateral. The skewness is valued 
between zero and one. A perfect equilateral will have a value of zero.  
 
Each of the criteria can be closely monitored and improved within the ANSYS program.  
As mentioned in Section 2.4, the boundary layer is one of the most important areas of 
aerodynamic study. Thus, it is necessary to align mesh with this critical area and is achieved 
by adding inflation layers (Figure 2-18).   
 
 
The default mesh in Figure 2-18 is tetrahedral and the inflation layers wrap around the object 
to provide refined mesh at the boundary layer. The optimal mesh shape varies from project to 
project and comes in varieties of tetrahedral, hexahedral and rectangular.   
Figure 2-18 – Tetrahedron Mesh of Airfoil with Inflation Layers (CFD-Online, 2015) 
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2.9.4. Turbulence Models 
 
There are a variety of turbulence algorithms that have been developed to solve fluid flow 
problems. They represent the Navier-Stokes equations in different capacities, uniquely built to 
perform in specialised areas. An article by Wasserman documented the advantages, 
disadvantages and specialty of several turbulence models including Spalart-Allmaras, k-
epsilon, k-omega, shear stress transport (SST) k-omega, large-eddy simulation (LES), 
detached-eddy simulation (DES) and Reynold’s stress (2016). A summary of the turbulence 


























Table 1 – Comparison of Turbulence Models (Wasserman, 2016) 







-Forgiving of poor 
mesh 
-Poor calculation of shear flow 
-Under-predicts separation 
-Poor turbulence definition 







-Accurate calculation of 
boundary layers 
-Accurate calculation of 
recirculation 
-No-slip walls 
-Hostile pressure gradients 
-Poor calculations of strong 
curvatures 






-Good calculation of 
boundary layers 
-Accurate at the near-
wall region 
-Poor calculation of free flows 
- Difficulty with inlet boundary 
conditions 








- Accurate with 
separation and 
reattachment 
- Good calculation of 
cross diffusion 
-Excellent calculation 
of boundary layers 
-Difficulty measuring 
turbulence levels 









-Suitable for large 
turbulent structures 
-Good calculation of 
separated flow 
-High accuracy 
-Difficult with the near-wall 
region 







-Suitable for extremely 
complex flows 
-Very high accuracy 
-High computational 
requirements 
-Needs high quality mesh 
-Extremely 





Each cell of the mesh is solved using Navier-Stokes algorithms as well as the turbulence 
equations. The Spalart-Allmaras is a common model due to its robustness and fast 
implementation. This is due to the single turbulence equation which minimises calculation time 
and convergence. However, an important area for most aerodynamic applications is the wall 
region of the object and this model does not solve for it.  
 
Wasserman claims k-epsilon to be one of the most popular models as it solves for the turbulent 
kinetic energy ‘k’ and the rate of dissipation of kinetic energy or ‘epsilon’ (2016). It utilises 
wall functions to critically analyse boundary layer flow and is suited to external flows. The 
limitations of this model noted in Table 1 are well-known and allow the model to predictably 
provide good results. A similar model known as k-omega pairs the kinetic energy ‘k’ with the 
specific rate of kinetic energy or ‘omega’.  Its computational method doesn’t require wall 
functions which provides greater accuracy to the k-epsilon. On the other hand, it has difficulty 
converging, has a sensitivity towards initial conditions and does not solve free streams well 
(Wasserman, 2016).  
 
The SST k-omega model was developed to combine and enhance the k-epsilon and k-omega 
models. It takes the strengths from each and blends them to provide superior accuracy near the 
target geometry and also far away in free streams. With four extra equations to solve the SST 
k-omega does require significant computational resources and can struggle to converge (Kuron, 
2015).  
 
The LES and DES models thrive in large turbulent eddy structures and struggle with near-wall 
interactions. Their high computational requirements make them unpopular for most 
applications. The most advanced and complete turbulence model is the Reynold’s stress model 
which also requires high computational resources. It is most useful in situations where flows 
are completely unknown or extremely complex (CFD-Online, 2017). With seven equations, it 
is the most technical of all of the models.  
 
There are two main considerations when selecting the ideal turbulence model for a problem. 
Firstly, the required outcomes of the simulation are to be defined and models should align their 
advantages with the goals. Secondly, a balance should be struck between computational 




2.9.5. CFD Solver 
 
Preparing the software to perform the calculations is the next stage in CFD analysis. It involves 
selecting solvers, inputting properties and initial conditions and monitoring convergence. The 
setup process is completed with the following steps. 
1. Check mesh quality (aspect ratio), improve if necessary. 
2. Select turbulence model. 
3. Prescribe fluid and solid properties (density, viscosity, pressure, test object                  
cross-sectional area, test object length). 
4. Define initial conditions (velocity, temperature, turbulence). 
5. Select optimal solution methods. 
6. Create reports for drag force and drag coefficient. 
7. Initialise solution. 
8. Run calculation. 
9. Monitor convergence. 
 
Solution methods determine the order of the Navier-Stokes equations used for the calculations. 
They can be altered to first, second or third-order differential equations to improve accuracy. 
The optimal setup is found experimentally by testing each option with a basic mesh and 
determining which performs the best.  
 
The simultaneous equations are calculated iteratively to minimise error. When the numerical 
representation of error or ‘residuals’ has reached a satisfyingly low region convergence occurs 
and the simulation is complete (Kuron, 2015). A typical graph of residuals with number of 

















A residual represents the absolute error between consecutive solutions; therefore, the lower the 
number, the more accurate the solution.  The error is at an excellent level at 10-6, good at 10-5 
and acceptable at 10-4 (Kuron, 2015). Once the solution has converged the drag force and drag 
coefficient are obtained.  
 
2.9.6. Deciphering Results 
 
The final step in the CFD process is to decipher the solution data and visualise the fluid flow. 
The ANSYS program provides streamlines, vectors, contours, particle tracks and graphs to 
effectively display data. It is important to define the data required for the job in order to utilise 
the most effective visual representation for the results. The three most important variables are 
velocity, pressure and turbulence kinetic energy. 
 
Velocity is most accurately represented with vectors or streamlines. It provides a clear 
depiction of important aerodynamic phenomenons such as boundary layer flow, reattachment, 
recirculation and turbulent wakes.  
 
Figure 2-20 depicts a typical velocity profile and showcases an occurrence of recirculation, as 
represented by the blue swirling patterns. The legend represents the velocity in m/s, with the 
cool colours displaying low speed and warm colours displaying high speed.  
 




The turbulence kinetic energy is a measure of the intensity of turbulence and has a large 
influence on drag force. Velocity vectors imitate fluid streamlines while turbulence kinetic 
energy uses contours to identify the intensity of turbulence surrounding a model.  
A good example of turbulence kinetic energy is displayed by the airfoil in Figure 2-21.  
 
 
The airfoil generates a trailing turbulent wake which is indicated by the warm-coloured 
contours, with the maximum denoted by the bright red areas. The low or non-existent 
magnitudes of turbulence kinetic energy are indicated by cool colours. 
Figure 2-20 – Typical Velocity Profile (ANSYS, 2018) 




Pressure distributions are also best represented by contours and primarily highlight areas that 
are producing the most drag force. Figure 2-22 depicts the various pressure regions of air 
flowing over an airfoil. The front tip experiences the most drag as represented by the red 
section. 
 
2.10. Literature Review Summary 
 
The literature review looked at relevant fundamentals of aerodynamics; including its 
importance in the automotive industry, the Reynold’s number, flow characteristics and the drag 
force equation. The current state of knowledge on roof racks and their aerodynamic effect was 
then studied thoroughly to identify a knowledge gap. To explore this gap, methods of analysing 
drag force using wind tunnel experimentation and CFD computer simulations was studied. The 
expected drag force increase of roof racks and various loads has been established to an extent 
but there are no recommendations for reducing this opposing force.  
 
The literature has been valuable in providing methodologies to explore this knowledge gap. 
Air flow over a vehicle can be accurately simulated using computer software to visualise 
streamlines and optimise designs. Verifying simulations with wind tunnel testing was identified 
to be necessary for a successful project. The literature outlined some key design strategies to 
reduce the drag force and this will be useful for modifying objects.   
Figure 2-22 – Pressure Contours Surrounding an Airfoil ( Kandil & Elnady, 2017) 
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Chapter 3 - Methodology 
 
3.1.  Overview 
 
The first goal of this project was to verify the increase in drag of roof rack add-ons and this 
was performed by comparing results from ANSYS and physical testing. Chapter Three outlines 
the methods used to carry out these experiments on a vehicle with and without roof racks and 
a load. First, a generic vehicle model was created with simple geometry to test ANSYS 
simulations to discover the optimum domain size, solver settings and meshing strategies. With 
this base setup, the chosen vehicle was modelled with more detail and tested for results. This 
provided a solid platform for optimisation in Chapter 5. To verify these results, two physical 
replicas were produced; one with roof racks and a load and one without. They were prepared 
for wind tunnel testing to gain drag force measurements. Once the computer simulations were 
validated, full size models were used to gather official results. The data gathered is presented 
and discussed in the next chapter. 
 
3.2. Vehicle, Roof Rack and Load Selection 
 
It is essential to select a vehicle, roof rack and load that accurately represents the majority of 
their field. Utes and large SUV’s are the most common vehicles to possess roof racks. The Ford 
Ranger has been the most popular ute in Australia for the last five of six years (RACV, 2018). 












Figure 3-1 – 2015 Ford Ranger (Hatton, 2015) 
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 The 2015 Ford Ranger shown in Figure 3-1 comes with roof tracks that can easily house roof 
racks. This makes it an ideal choice for experimentation. 
 
A roof rack supplier Rhino-Rack produces custom racks for a variety of vehicle models. It is 













The racks in Figure 3-2 are connected to the roof rails and can be slid across the track to 
accommodate various loads. They are compatible with a selection of accessories to suit unusual 
items and can handle a dynamic loading of up to 100kg (Rhino-Rack, 2019).  
 
Selecting a roof rack load to test is difficult due to the large variety of items that are carried on 
the roof. Canoes are bulky, bicycles are thin and high, skis are small and long. A suitably sized 
item to represent all of the potential equipment is the rooftop tent. Compacted, the tent 
represents a simple rectangular shape of medium size. The ARB Simpson Series 3 rooftop tent 
is one of the most popular and will be utilised as the load. The package contains a vehicle-
specific fitting kit which bolts onto a roof rack and folds out to a fully functioning tent. It allows 
the user to stay high and dry, safe from potential threats. The contents include structural 
members, mattress, bedding and a ladder, weighing 65kg (Fincham, 2012). The erected version 
has dimensions of 1400 x 1200 x 400 mm and an example can be seen below in Figure 3-3.  


















When required, the tent effortlessly folds back into its weather bag with dimensions of 1400 x 















Rooftop tents are popular for long trips due to their ease of use and comfort. However, due to 
their weight, they require at least two people to install and remove. 
 
Figure 3-3 – Erected Simpson Series 3 Rooftop Tent (Fincham, 2012) 
Figure 3-4 – Compacted Simpson Series 3 Rooftop Tent (Fincham, 2012) 
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3.3.  CFD Simulation Set-up 
 
3.3.1. Vehicle Modelling 
 
To reduce large computing times with a complex model and ultra-fine mesh, a generic ute 
model was first created to establish the optimum settings for the ANSYS simulations. It was 
























The model in Figure 3-5 was based on overall sizes and wheel-base dimensions provided by 
Ford motor company (2017) and Outlines (2019). The geometry was created using as few 
lines as possible, resulting in a simple front grille and undercarriage.                                                           





Also, the wheel section was reverted to semi-circles and side mirrors were not included. Once 
the desired corners were rounded and the overall shape was satisfactory, the model was 
extruded. Excess material from the wheel extrusion was removed to produce tyres with a 
suitable width.  
 
3.3.2. Model Scale 
 
The model was required to be scaled down to fit inside the wind tunnel test zone. As mentioned 
in the previous chapter, the cross-section of the wind tunnel is 0.305m x 0.305m, providing an 
area of approximately 0.093m2. To prevent the blockage effect from occurring, the model could 
not have an area greater than 10% of this or 0.0093m2. A suitable size of 1:24 or 4.17% of the 
original size was chosen to remain well within the 10% limit. The CFD models were produced 
at this scale to be verified by wind tunnel data before being modelled full-size for official 
results.   
 
3.3.3. Domain Selection 
 
A rectangular enclosure was produced around the model to simulate a wind tunnel. To 
determine the length in the y-direction, parallel to the flow, the rules for domain independence 
were followed. To completely display the aerodynamic effects before and after the model, the 
domain was extended five times the length of the model upstream and ten times the length 
downstream as seen in Figure 3-6. 
 
 
Figure 3-6 – Fluid domain surrounding model 
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The x-direction spans across the vehicle and the z-direction tracks upwards. The axes copied 
their dimensions from the USQ subsonic wind tunnel domain of 0.305 x 0.305 m. To finalise 
the domain a Boolean was created by selecting the enclosure as the tool body and the model as 

















The inlet, outlet and four walls were defined as seen in Figure 3-7. It marks the area where air 
is passed in, the control volume where it is bounded and the area where it is let out.   
 
3.3.4. ANSYS Solver Settings 
 
Although this step appears after meshing the model, it was important to optimise the solver 
settings before experimenting with mesh refinement. Thus, after the default mesh was added 
the setup was completed. The literature review provided a summary of the turbulence models 
and it was decided that the Transition SST model was the most appropriate for this project. The 
model has strengths in ideal areas such as boundary layers, external flow, separation and 
reattachment (Wasserman, 2016). Also, it contains four equations which enables the model to 
provide high accuracy without requiring excessive computational resources. The following 
settings were altered. 
 






 Materials – the default for fluid was air and remained untouched. 
 Boundary conditions – the inlet velocity varied for each test. For meshing purposes, it 
was initially set at 10m/s. For the inlet and outlet, the turbulent intensity remained at 
the default value of 5% while the hydraulic diameter was set to the width of the fluid 
domain; 0.305m.  
 Reports- Projected Areas – the front cross-sectional area of the model was computed. 
 Reference values – the frontal area was copied here, as well as the length and velocity. 
Air was assigned a temperature of 15°, a density of 1.23 kg/m3 and the pressure 
remained at 1 atm (101.3 kPa) 
 Report Definitions – reports were created for the drag force and drag coefficient found 
in the y-axis. 
 Convergence Conditions – reaching convergence was changed from 10-3 to 10-4 for 
each condition.  
 Solution Methods – the options were tested individually to determine the optimal setup. 
 
Solution methods have a great influence on convergence and thus, the optimal combination of 
settings was found by individually testing each option with 250 iterations and comparing the 
resultant residual error. The exhaustive list of residuals can be seen in Appendix F. The final 















Figure 3-8 – Optimal Solution Methods 
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3.3.5. Meshing Setup 
 
The next step in the simulation process was creating an appropriate mesh. The quality of the 
mesh directly affects the accuracy of the results obtained so it was essential to complete this 
phase thoroughly. Due to the Boolean created in the previous section, the model of the ute is 
represented by a cavity in the mesh. The program provides a default mesh which automatically 
assigns basic settings. For a personalised approach, a second smaller enclosure could be 
inserted around the model to apply a concentrated mesh in the desired area. This section will 
compare the quality of mesh between these two options. The contributing factors will be 
number of elements and nodes (due to computing time), skewness value and residuals 



















The default mesh in Figure 3-9 has produced an adequate spread across the test area using 





























The advantage of introducing a second enclosure allows for the refinement of mesh within a 
specified area near the model as seen in Figure 3-10. Introducing inflation into the mesh 
produced five boundary layers around the model to improve accuracy. The data of this mesh, 
as well as their refined versions were displayed in Table 2. The ANSYS solver settings were 













Table 2 - Comparison of Mesh Settings 












0.2 No 25622 142045 0.79105 0.208 0.687 
Finer 
 
0.05 Yes 41130 172255 0.83665 0.207 0.681 
Finest 
 
0.02 Yes 92193 451351 0.83678 0.210 0.692 
Default, Two 
enclosures 













































The two options gave slightly different results with the basic mesh providing drag forces of 
0.207-0.21 N while the double domain mesh produced 0.225-0.243 N. The outlier in the double 
domain was caused by the higher skewness and refining the mesh further pressed out the issue. 
Due to the unique refinement capabilities of the double domain setup, it was selected as the 
most appropriate and utilised for the remainder of the experiments. 
 
3.4. CFD Final Design 
 
The vehicle chosen for this project back in section 3.2 was the Ford Ranger dual-cab ute due 
to its popularity in Australia. It was determined that a complex version of the Ford Ranger was 
unnecessary as it would increase the time and effort required, especially within the computer 
programs. A simpler model would still deliver the required data; the drag increase caused by 
roof racks and add-ons. However, it was still necessary to personalise the ute to resemble a 
current popular vehicle.  The model seen in Figure 3-11 was created in Creo Parametric using 





Figure 3-11 – Simple 2015 Ford Ranger model 
 
The side view of the model was copied over and extruded to the desired length. All extra 
unnecessary lines such as the window outlines and doors were removed. Then, the front view 
was added in a perpendicular plane and material was removed to smooth out the model. Finally, 
0.650 m rounds were applied to the front grille to smooth out the sharp angles. Due to the 
complexity of the drawings, the original lines and splines were removed and replaced with a 
smaller amount of straight lines, while maintaining the correct shape and size.  
It should be noted that the model is symmetrical and could have been mirrored for simplicity. 
However, it was decided that the geometry was already minimal and mirroring it would result 
in extra calculations further on.  
 
Next, a new model was created with the addition of roof racks and a load. The Rhino racks and 

































The roof racks were extruded 100 mm each and were placed 700 mm apart, with the rear roof 




























The load was orientated so that its 1400 mm length was spread evenly across the two bars 
(Figure 3-13). Two enclosures and a Boolean created a fluid domain around the model. The 
final dimensions of the enclosures were documented in Table 3.  
 
Table 3 – Fluid Domain Dimensions 
Direction Enclosure 1 (mm) 
Real size (1:24 scale) 
Enclosure 2 (mm) 
Real size (1:24 scale) 
Total Dimensions (mm) 
Real size (1:24 scale) 
+ X 546 (22.75) 2173.75 (90.57) 3660 (152.5)  
+ Y 4599 (191.63) 18396 (766.5) 25600 (1066.67) 
+ Z 1092 (45.5)  1434.65 (59.78) 3660 (152.5) 
-X 546 (22.75) 2173.75 (90.57) 3660 (152.5) 
-Y 9709 (404.54) 38836 (1618.17) 51199 (2133.29) 
-Z 1092 (45.5) 1434.65 (59.78) 3660 (152.5) 
a) 
b) 
Figure 3-13 – Rooftop Load: a) Dimensions & b) 3D Model 
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Enclosures employ a function which measures from the furthest point of the model in each 
respective direction, instead of using a central origin for all directions. Also, the dimensions of 
a second enclosure or any subsequent enclosure are taken as an addition from the first 
enclosure, not from the furthest point of the model. This results in odd enclosure dimensions 
that do not add up to the total size. 
 
The domain of each model was then meshed in a suitable way as discussed in section 3.3.5. 
The final mesh settings were recorded in Table 4. Only settings that were altered were included.   
 
Table 4 - Mesh Settings for each model 
Setting Type Selection 

















Quality Mesh Metric Skewness 











The simulation solver was setup by following the steps delivered in section 3.3.4. The 
calculation was iterated 500 times to allow the residual error to reach the convergence 






3.5. Wind Tunnel Experiments 
 
To verify the results of the computer simulations real world testing in a wind tunnel was 
performed. The experiment took place in the USQ Thermo-fluids laboratory located in Z-block. 
Two models were used for the experiments, the blue one did not carry a load while the black 
one was equipped with roof racks and a load. They were referred to as the blue and black model 
for simplicity. 
 
3.5.1. Gaining access to the Wind Tunnel 
 
The wind tunnel has the potential to cause serious injuries to users or bystanders and an online 
Risk Management System (RMS) was completed to highlight potential dangers and methods 
to mitigate these risks. The most hazardous included debris flying out the rear of the wind 
tunnel and excessive noise during operation. Other risks originated from other equipment in 
the laboratory which were identified as tripping, crushing or burning hazards. The exhaustive 
list was documented in Appendix E. A time was scheduled to ensure there were no classes in 
the laboratory during the experiment. 
 
3.5.2. Creating and Prepping the Models 
 
The models used for ANSYS testing were converted to stereolithography files (.stl) and 
placed in a 3D builder software to separate the body, wheels, roof racks and load. They were 
then sent to a 3D printer for printing. For the blue model, the internal density was set at 20% 





The model was spliced into 188 layers and the build could be previewed layer by layer as 
seen in Figure 3-14. The material used for the model was polylactic acid (PLA) due to its low 

















Figure 3-14 – Ute Model in 3D Printing Software 
Figure 3-15 – Initial Body of Blue Model 
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Due to some unforeseen 3D printer complications the black model could not be printed on the 
same printer as the blue model. Instead, it was printed on a 1 m x 1 m machine using 
Acrylonitrile Butadiene Styrene (ABS) filament. There were some quality issues with the 
model in the form of extra filament filling the grille and sides and it was carefully removed 
with scissors. The blue and black models displayed negligible differences in shape and size in 













Normal driving conditions include all four wheels of a vehicle on the ground at all times, 
however, the wind tunnel required a rod insertion in the side of each model. A rod with 













Figure 3-16 – Initial Body of Black Model 
Figure 3-17 – Initial Body of Black Model with Rod Inserted 
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A simple engineering drawing displayed in Appendix H was used as a reference to drill the 
hole in the centre of the model as shown in Figure 3-17. The free end of the rods were sanded 
down to a diameter of 11.9mm to allow them to fit into the wind tunnel mechanism.  
Due to the nature of addition manufacturing the exterior surfaces of the models were 
extremely rough. Surfaces that are angled or round are difficult to accurately produce if they 
are printed horizontally. The hood, roof and tray of each model needed alteration. Sandpaper 
of varying grit size was used to smooth out these surfaces to an acceptable standard. Super 
































Rough sandpaper was initially used to remove the thin layers before fine sandpaper was used 
to smooth each surface (Figure 3-18). The positions for wheels, roof racks and load were 
measured and glued after the rod was inserted to avoid potential damage as the body was 
securely clamped for drilling the hole and attaching the rod. 
a) 
b) 
Figure 3-18 – Surface Preparation of Black Model: a) Before & b) After 
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3.5.3. Preparing the Wind Tunnel 
 
The wind tunnel in the thermo-fluids laboratory was already operational and all of the 
equipment was connected. The devices needed for the experiment included the pitot tubes, drag 
force balance and wind tunnel computer program for measurements of air temperature, density 
and viscosity. The following preparations were carried out before beginning experimentation. 
 All electrical and physical connections were inspected.  
 The safety procedures of the wind tunnel were studied carefully and appropriate PPE 
was equipped (Appendix I).  
 The pitot tubes were cleaned and positioned out of the way of the model.  
 The test chamber was cleaned and inspected for any imperfections.  
 The drag force balance was calibrated and tested. 
 The wind tunnel computer program was booted up and checked for any anomalies in 
any of the monitors.  
The wind tunnel was then declared functioning and adequate for experimentation.    
 
3.5.4. Conducting the Experiment 
 
To gather drag force data on two models, the following procedure was undertaken. 
1. The side wall of the test chamber was removed and the blue model had its rod inserted 
into the drag force balance. 
2. The model was levelled using a phone app and the rod was secured tightly (Figure 3-
18). The side wall was replaced. 
3. The force balance and pressure display were zeroed. 
4. The air temperature, density and viscosity were recorded. 
5. The wind tunnel was started up and the wind velocity was set to 5 m/s. The drag force 
and pressure upstream of the model were recorded. 
6. Step 6 was repeated with wind velocities of 10, 15, 20, 25 and 30 m/s. 
7. The wind tunnel was switched off, the side wall was removed and the model was 
levelled again with a phone device. The side wall was replaced. 
8. The force balance and pressure display were zeroed.  
9. Steps 5-8 were repeated twice more to gather three datasets of each wind velocity for 
the blue model.  
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10. Steps 5-9 were repeated with the black model to gather three datasets of each wind 
velocity. 
11. The wind tunnel was switched off. 
 
 
The base of each model was designed to be flat to ensure that levelling the model before each 
test was not too difficult. A slight angle from horizontal would have resulted in a larger cross-
sectional area and would have skewed the results significantly.  
 




The pitot tubes are located in the centre of the chamber and proved to be a good marker for 
aligning the models (Figure 3-20). Before testing commenced, the vertical metal pipe or pitot 
tube shown in Figure 3-19 was lifted to a higher position to prevent any impact on the flow of 
air. 
 
The rod suspended the model in the middle of the chamber and the drag force translated through 
the rod to the force balance which converted the horizontal force to newtons. As a result, the 
rod was required to be in the test chamber and therefore accrued some drag force itself. This 












Figure 3-20 – View of the Model in the Test Chamber from the Inlet 
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A CFD analysis was undertaken in order to determine the additional drag a vehicle would 
experience with roof racks and a load. Two models were tested; a vehicle without any load and 
a vehicle with roof racks and rooftop tent attached. The vehicle models were scaled down to 
1:24 of their original size to match physical models which were tested in a wind tunnel. Once 
the computer models were validated by the CFD results, the original size was returned and 
official outcomes were obtained. Flow visualisations were introduced to provide support for 
the official results.  
 
4.2. CFD Results (1:24 Scale) 
 
The drag force and drag coefficient were obtained for each model, beginning at a wind speed 
of 5m/s and increasing to 30m/s in 5m/s increments. The data is displayed in Table 5. 
 
Table 5 – CFD Data (1:24 Scale) 
Velocity 
(m/s) 
Ute without load Ute with load Reynold’s 








5 0.047 0.652 0.069 0.779 104791 
10 0.178 0.623 0.268 0.754 209581 
15 0.393 0.611 0.594 0.743 314372 
20 0.692 0.605 1.047 0.737 419162 
25 1.072 0.600 1.626 0.732 523953 
30 1.535 0.597 2.332 0.730 628743 
 
The model without load had a blockage ratio of 5% and the model with a load produced a ratio 
of 6.1%. Each model had a blockage ratio under the requirement of 10%.  
 
4.3. Wind Tunnel Testing 
 
The drag force and upstream pressure were obtained for each model at varying speeds in three 
separate runs. The raw data from the experiment was collated in Appendix J and the averages 
are displayed in Table 6 and Table 7.        
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The actual air velocity was calculated from the upstream pressure using Equation 3, the drag 
coefficient was calculated from the drag force with Equation 2 and the Reynold’s number was 
calculated from the air velocity with Equation 1. 
 











14.8 4.91 0.04 0.62 102928 
62.2 10.05 0.23 0.78 210714 
139.2 15.04 0.52 0.80 315270 
247.0 20.04 0.91 0.79 420013 
384.3 25.00 1.43 0.80 523924 
551.5 29.95 2.05 0.80 627606 
 
 











15.7 5.05 0.08 1.05 105780 
61.3 9.99 0.32 1.10 209297 
139.7 15.07 0.69 1.06 315835 
250.2 20.17 1.27 1.09 422697 
375.5 24.71 1.94 1.11 517868 
556.7 30.09 2.84 1.09 630539 
 
 
4.3.1. Drag Force Correction 
 
The rod suspending the models in the chamber produces drag force and needs to be subtracted 
from the total drag force. It can be calculated with the drag equation. 
 
𝐷𝐶 = C𝐷 ×  
V2
2
× ρ × A 
 
DC is the drag of the cylinder (N), CD is the coefficient of drag, V is the air velocity (m/s), ρ is 
the fluid density (kg/m3) and A is the cross-sectional area (m2). 
 






𝐴 = 𝐿𝐷 
 
















𝐴 = 0.0013m2 
 
The coefficient of drag of an infinitely long cylinder is found through the use of the graph 
shown in Figure 4-1 using the Reynold’s number. 
 
 
The wind tunnel experiments had a Reynold’s number that rose from 105 to 106 as the velocity 
grew. As the Reynold’s number rises to 3 × 105 and beyond, the line of best fit drops suddenly 
and this is due to the presence of turbulence in the boundary layer (Weisstein, 2007). An 










                                     Table 8 – Drag Coefficient of a Cylinder 
Reynold’s Number Coefficient of Drag 
1 × 105 1.5 
2 × 105 1.3 
3 × 105 0.8 
4 × 105 0.32 
5 × 105 0.26 
6 × 105 0.30 
7 × 105 0.35 
 
The drag force generated by the rod was calculated and subtracted from the original results.  
 








Drag Force (N) 
Corrected Drag 
Coefficient 
4.91 0.04 0.62 0.01 0.18 
10.05 0.23 0.78 0.12 0.40 
15.04 0.52 0.80 0.37 0.57 
20.04 0.91 0.79 0.80 0.69 
25.00 1.43 0.80 1.29 0.72 
29.95 2.05 0.80 1.83 0.71 
 
 








Drag Force (N) 
Corrected Drag 
Coefficient 
5.05 0.08 1.05 0.04 0.65 
9.99 0.32 1.10 0.21 0.71 
15.07 0.69 1.06 0.54 0.83 
20.17 1.27 1.09 1.16 1.01 
24.71 1.94 1.11 1.81 1.01 
30.09 2.84 1.09 2.61 1.01 
 
 
The wind tunnel data collected in Table 9 and Table 10 indicate that a model with roof racks 
and a load will experience drag at an average increase of 50.7%, ignoring the data at 5 m/s 
which appears to be an outlier. 
 
4.4. Comparison of Results 
 
The CFD and wind tunnel results were compared to validate the accuracy of the computer 
simulations as seen in Table 11 and Table 12. 
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Drag Force (N) 
Relative 
Error (%) 
5 0.05 0.01 -370.00 
10 0.18 0.12 -48.33 
15 0.39 0.37 -6.22 
20 0.69 0.80 13.50 
25 1.07 1.29 16.90 
30 1.54 1.79 14.25 
 
 






Drag Force (N) 
Relative 
Error (%) 
5 0.07 0.04 -72.50 
10 0.27 0.21 -27.62 
15 0.59 0.54 -10.00 
20 1.05 1.16 9.74 
25 1.63 1.81 10.17 





























In both cases, the CFD model over-estimates the drag force in the low velocities and under-
estimates it in the high velocities. The error calculated in the 5m/s and 10m/s tests is fairly 
significant with relative error between 27% and 370%. However, the speed limit on Australian 
roads vary from 40 km/hr (11.1 m/s) to 110 km/hr (30.6 m/s). Ultimately, most vehicles will 
spend a small portion of their time at 10m/s or below. Additionally, the drag force experienced 
at these velocities is negligible compared to highway speeds. These two velocities are of little 
relevance and can therefore be disregarded. 
 
 The higher speeds provided little error and the data points shown in Figure 4-2 follow a similar 
trend. The error ranged from between 6% and 17% with a mean average of 11.4%. This value 
is acceptably low to validate the CFD models. They will be utilised as official results for the 
remainder of the project.  
 
4.4.1. Sources of Experimental Error 
 
The wind tunnel experiments contained a multitude of minor inaccuracies which contributed 
to the relative error. The surfaces of the physical models were still rough after sanding, causing 
excess drag on the model. The rods were securely glued inside each model but once tightened 
inside the wind tunnel test chamber the model was free to rotate slightly. A slight deterrence 
from horizontal during testing would have significantly altered the flow conditions and 


















CFD - No Load CFD - Load WT - No Load WT - Load
Figure 4-2 – CFD & Wind Tunnel Results 
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Collecting data for the experiments included reading air velocity, upstream pressure and drag 
force. Due to the complexity of fluid flow, these properties fluctuated constantly and average 
values had to be taken, potentially resulting in reading error. 
 
4.5. CFD Results (Full-Size) 
 
Representing a vehicle aerodynamically with a small-scale model requires the application of 
similitude. As noted in section 2.8.3, the Reynold’s number of the prototype and model are 
required to be very similar. Due to the size and power limitations of the available wind tunnel 
the small-scale models could not achieve a high enough Reynold’s number. Thus, similitude 
cannot be applied and full-size simulations were produced.    
 
Table 13 – CFD Data (Full-Size) 
Velocity 
(m/s) 














5 23.96 0.58 35.38 0.70 47.66 2514972 
10 94.99 0.58 140.27 0.69 47.67 5029944 
15 212.81 0.58 314.24 0.69 47.66 7544916 
20 377.33 0.57 557.19 0.68 47.67 10059888 
25 588.46 0.57 868.89 0.68 47.65 12574860 






















Figure 4-3 – Drag Force Comparison 
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The drag force experienced by the vehicle with a load is considerably higher than the vehicle 
without a load with recordings of a consistent +47.66% at each velocity. Although these values 
appear to be exaggerated, it should be noted that the load increases the cross-sectional area by 
23%. Additionally, the leading edge of the load resembles a flat plate which has poor 
aerodynamic ability and a coefficient of drag above 1 (Figure 2-5). The load increases this 
coefficient by 0.12 and remains relatively constant. The Reynold’s number ranges from 2.5 × 
106 to 15 × 106, indicating turbulent flow throughout the domain.  
 
4.6. Flow Visualisation 
 
The drag increase of the roof racks and load was investigated using velocity vectors, pressure 
contours and turbulence kinetic energy contours. The velocity used for this section was set to 
25m/s (90 km/hr) as vehicles on the highway commonly travel at this speed and the 
streamlines are fully developed.  
 
4.6.1. Velocity Profile 
 
Wind velocity is best represented by vectors as it delivers a magnitude and direction to 
represent the streamlines. Vectors display the boundary layer, separation and recirculation with 

























The flow in Figure 4-4a is fairly uniform and speeds up slightly as it passes over the roof, where 
the stream detaches. A small turbulent wake is produced at the rear and has little effect on the 
vehicle. In Figure 4-4b, the large amount of air travelling over the windscreen is pushed 
upwards by the load and detaches. A small portion sticks to the top of the load and produces a 
large turbulent wake immediately after the load represented by the swirling blue patterns. The 
eddies and recirculation induce extra drag on the tray of the vehicle before joining the wake at 
the rear.  
 




















The turbulence kinetic energy measures the intensity of turbulence and ranks it with contours. 
The maximum turbulence caused by the model in Figure 4-5a is 21.6 m2/s2 acting at the rear. 
The lack of turbulence anywhere else in the vicinity of the vehicle results in less drag. In Figure 
4-5b the maximum turbulence occurs directly after the load with a magnitude of 18.5 m2/s2. 
This is less than the first, however, the turbulence is widespread in the second figure. This 
supports the recirculation visualised in Figure 4-4b which is present above the tray and behind 
the vehicle.   
 
4.6.3. Pressure Contours 
 
The pressure contours highlighted the areas that experienced the most drag at the front of the 

























The maximum pressure occurred for each model at the front grille with magnitudes of 433.6 
Pa and 435.5 Pa, respectively. The major difference between the models is the extent of 
increased pressure above the front windscreen which spreads to the front of the load. Although 
the magnitude of pressure at the load is only 323.6 Pa, the load has a similar effect on air 
pressure as the front grille does. Each high-pressure area indicates an increase in drag.  
 
4.7. Fuel Economy 
 
The roof racks and load increased the drag of the vehicle by a consistent 47.7% over all 
velocities tested. As noted in section 3.2, the average fuel economy of the vehicle was 9.2 
L/100 km. At 100 km/hr (27.8 m/s), the drag force contributes 80% of the total force opposing 
the vehicle, which can be termed as the aerodynamic force ratio (AFR). The expected fuel 
economy of the vehicle with roof racks and load was calculated below.  
 
𝐹𝐸𝑁 = 𝐹𝐸𝑂 + 𝐹𝐸𝑂 × 𝐷𝐼 × 𝐴𝐹𝑅 
FEN is the new fuel economy (L/100 km), FEO is the original fuel economy (L/100 km), DI is 
the Drag Increase (%) and AFR is the aerodynamic force ratio. 
 
𝐹𝐸𝑁 = 9.2 + 9.2 × 47.7% × 0.8 
𝐹𝐸𝑁 = 12.7 𝐿/100𝑘𝑚 
The data shows that these roof racks and a load will increase the fuel usage of a vehicle by 3.5 
L/100 km while travelling at 100 km/hr.  
b) 
a) 








Chapter 4 focussed on the aerodynamic impact a typical roof rack load will have on a vehicle. 
This chapter will investigate the possibility of reducing the drag caused by these loads with 
simple methods. Modifications to the existing roof rack load will be designed with the 
knowledge gained in Chapter 2. Each proposal will undertake CFD analysis to gather drag 
results and these will be compared. To support and justify the outcomes, flow visualisation in 
the form of velocity vectors, turbulence contours and pressure indicators will be utilised.  
 
5.2. Load Modification Geometry 
 
The original roof rack load has the shape of a basic rectangular prism with sharp edges and 
corners. The previous chapter highlighted some key areas of the load which caused excess drag.  
 The front surface of the load barred airflow significantly and generated excess 
pressure. It caused immediate flow detachment. The leading edge of the load resembles 
a flat plate with poor flow characteristics. 
 The area directly behind the load became extremely turbulent and ensued drag on the 
tray below.  
Development in automotive aerodynamics has displayed the advantages of smooth, trailing 
shapes to facilitate airflow. Some inventors have incorporated this knowledge to rooftop pods 
and streamlined their designs, encouraging air to remain attached for as long as possible. With 
this in mind, five load designs were created using Creo Parametric. The designs can add 
material but not modify the current load design.  
 
5.2.1. Modified Load 1 
 
The first modified design was created by adding large rounds to each end of the load. The 
diameter of each is 400mm and makes up one quarter of a circle. This increases the length of 
































The large round at the front should encourage air flow to remain attached to the top of the load 
for a longer period of time. The shape has a fairly large stagnation point at the low end. The 
round at the rear extends 400 mm and reduces flow interacting with the tray below.  
 
5.2.2. Modified Load 2 
 
The load was fitted with a semi-circle on the front and rear for the second modified load. The 
circles have a diameter of 400 mm and increases the length of the load from 1400 mm to 1800 








































As noted in section 2.4 – Boundary Layer and Flow Separation, the stagnation point of an 
object influences drag considerably. A circular object as utilised in Figure 5-2 has the potential 
to cause stagnation of airflow since it has numerous points on its surface which can meet the 
flow perpendicularly.  The added material at the rear extends 200 mm and should discourage 
airflow from interacting with the tray of the vehicle.  
 
5.2.3. Modified Load 3 
 
The third modified load has been extended and a large chamfer on each end was applied. A 
small vertical section with a length of 100 mm remains at the lower edges to prevent sharp, 
unsafe corners. The extra material extends the length of the load from 1400 mm to 2200 mm 



































Stagnation should occur at the vertical surface at the front but it is necessary for the design. 
The extra length and angled surface at the rear resembles the end of a teardrop and should 
mitigate some of the drag force as air passes over.  
 
5.2.4. Modified Load 4 
 
The fourth and final modification to the load is a combination of modifications 2 and 3. A semi-
circle has been attached to the front and extra material with a large chamfer has been attached 
















































Previous discussion of the modified load designs indicated that potentially the most effective 
addition to the front will be a semi-circle and to the rear will be a chamfered corner. The design 
combines a numerous small stagnation points at the front with a trailing edge at the back to 
deliver a silhouette which provides some resemblance to the shape of a teardrop.  
 
5.2.5. Ute Modification 
 
An extra design has been created for utes without a tray canopy. The roof racks and load was 
repositioned on top of the tray, 50 mm behind the cabin. The shape of the load was not altered 









































Utilising the empty space behind the cabin and above the tray offers a potentially large decrease 
in drag due to the reduction in frontal area. Due to the differences in this design a separate and 
brief investigation was undertaken with the CFD analysis utilised throughout the project. It was 
discovered that this design increases the drag by an average of 4.3%. The appearance of the 
load above the cabin increases the frontal area slightly and increased the drag force. However, 
the current design of roof racks was not wide enough to reach the side of the tray. Custom bars 
would be required to ensure they attach to the tray securely. 
 
5.3. Load Modification Results 
 
The modified models were investigated with the same CFD analysis as described in Chapter 3 
and Chapter 4.                        
a) 
b) 
Figure 5-5 – Ute Modification (Load Relocation): a) Dimensions & b) 3D Model 
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Drag force and the coefficient of drag was collected for each model for velocities starting at 5 
m/s and going up to 30 m/s in 5 m/s increments. The drag increase was calculated as a 
percentage increase of the drag of the vehicle without a load. The data was displayed in Table 
14.  
 
Table 14 – Load Modification Data 
 
Each modification design had a lower drag in comparison to the original load silhouette. The 
drag force is arranged in descending order down the table, with modified load 1 performing the 
worst with a drag increase of 37.0% while the modified load 4 performed the best with a drag 
increase of 30.7%. The drag coefficients also decreased down the table and stayed fairly 
consistent throughout.  
 
5.4. Load Modification Flow Visualisation 
 
The drag increase of the modified loads were investigated using velocity vectors, pressure 
contours and turbulence kinetic energy contours. Again, the chosen velocity for these plots 
was set to 25m/s (90 km/hr) as vehicles on the highway commonly travel at this speed and 











Drag (N) 35.38 140.27 314.24 557.19 868.89 1249.36  
47.7 Drag 
coefficient 0.70 0.69 0.69 0.68 0.68 0.68 
Mod. 
load 1 
Drag (N) 32.81 130.18 291.71 517.45 805.90 1160.17  
37.0 Drag 
coefficient 0.64 0.64 0.63 0.63 0.63 0.63 
Mod. 
load 2 
Drag (N) 32.28 128.07 287.03 508.98 793.81 1141.55  
34.9 Drag 
coefficient 0.63 0.63 0.62 0.62 0.62 0.62 
Mod. 
load 3 
Drag (N) 31.99 126.70 283.78 502.73 782.55 1126.60  
33.3 Drag 
coefficient 0.63 0.62 0.62 0.62 0.61 0.61 
Mod. 
load 4 
Drag (N) 31.32 124.02 278.30 493.28 769.07 1105.61  
30.7 Drag 
coefficient 0.61 0.61 0.61 0.60 0.60 0.60 
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5.4.1. Modified Loads Velocity Profiles  
 
Velocity vectors are useful for their representation of streamlines, outlining important 







































































































Figure 5-6 – Velocity Vectors of Modified Loads: a) Original, b) 1, c) 2, d) 3, e) 4 
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In comparison to the original load shape (Figure 5-6a), all of the modified designs produce 
small amounts of turbulence above the tray. Figure 5-6b experiences severe recirculation 
directly underneath the rear round as it directs air flow almost vertically downwards into the 
tray. Figure 5-6c faces a similar effect due to its rounded edges at the rear. This design, as well 
as modified load 3 and 4, channel a large amount of air in between the load and roof of the 
vehicle, subsequently preventing any turbulent wakes occurring at the outlet above the tray. 
Figure 5-6d and Figure 5-6e encourage streamlines to smoothly travel over the load and join 
the turbulent wake at the rear of the vehicle with minimal impact. 
 
 
5.4.2. Modified Loads Turbulence Kinetic Energy 
 
The intensity of the turbulence kinetic energy is captured by contours. This visualisation 
technique is useful to verify the turbulence indicated in velocity plots. The maximum 
turbulence kinetic energy generated by the original and modified designs was placed in Table 
15. 
 
Table 15 – Turbulence Kinetic Energy of Original and Modified Load Designs 
Load Design Maximum Turbulence Kinetic Energy (m2/s2) 
Original Load 18.5 
Modified Load 1 16.8 
Modified Load 2 14.9 
Modified Load 3 13.3 
Modified Load 4 14.2 
 
 
Again, the original load generated the highest turbulence while modified load 3 returned the 



































































Figure 5-7 -Turbulence of Modified Loads: a) Original, b) 1, c) 2, d) 3, e) 4 
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The various bright red areas indicate the poor aerodynamic of the original load design in Figure 
5-7a. As well as this design, Figure 5-7c also generates widespread turbulence across the tray 
and out the rear. Figures 5-7b, 5-7d and 5-7e display an insignificant warm coloured area above 
the tray where some turbulence is present. However, the majority of the turbulence does not 
occur until after the rear of the vehicle which does not influence vehicle performance.  
  
5.4.3. Modified Loads Pressure Contours 
 
Velocity vectors and turbulence kinetic energy generally indicates extra drag force produced 
by recirculation and turbulence, once the air has flowed over or is in the process of flowing 
over the vehicle. Pressure contours focus on the drag which is caused immediately by vehicle 
surfaces that stagnate the flow of air. These are normally located at the front of the vehicle and 

























































































Figure 5-8 – Pressure Contours of Modified Loads: a) Original, b) 1, c) 2, d) 3 & e) 4 
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The pressure contours of the modified loads shown in Figure 5-8 are all fairly similar. Modified 
load 2 and modified load 4 containing the semi-circle at the front of the load experienced the 
highest pressure out of all of the designs, including the original design. This is because a section 
of the semi-circle is perpendicular to the flow of air leaving the windscreen and thus stagnation 
is introduced, resulting in a larger force (Figure 5-6c & Figure 5-6e). Modified load 3 
performed the best with the smallest pressure occurring at the front of the load (Figure 5-8d). 
 
5.5. Optimisation of the Modified Load 
 
The previous section conducted an analysis between four modified loads to determine the 
optimal design. Modified load 4, the design with a semi-circle on the front and large chamfer 
on the back, experienced the least amount of drag. The shapes and dimensions used were 
generic and were not chosen for a specific reason. Thus, they can be altered in a further attempt 
to reduce the drag experienced by modified load 4. The length denoted as ‘x’ will alter the total 
length of the load and change the angle of the chamfer (Figure 5-9). The height denoted as ‘y’ 














The original length of ‘x’ was 400 mm and new lengths of 0 mm (all extra material removed), 
200 mm, 600 mm, 800 mm and 1000 mm were analysed. The load was relocated each time to 
ensure its length was distributed evenly over the roof racks. The original height of ‘y’ was 100 
mm and new lengths of 50 mm, 150 mm, 200 mm and 250 mm were analysed. 50 mm was the 
minimum height used to prevent any issues with sharp corners. All designs were tested at a 













































Figure 5-11 – Effect of Dimension ‘y’ on Drag Force 
 
The drag force in Figure 5-10 was highest when there was no added material at the rear (original 
unmodified design). Once a chamfered section was added, the highest drag force occurred at 
the original ‘x’ length of 400 mm (769.07 N). As the length was extended the drag force 
dropped exponentially to its minimum at 1000 mm with a value of 746.54 N. No further lengths 
were tested due to the large overhang of the load over the tray at the rear and windscreen at the 
front. Also, weight distribution becomes an issue as a long heavy object is tethered by two 


































Length in y-Direction (mm)
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Similar to Figure 5-10, the least effective ‘y’ length in Figure 5-11 was 100 mm. As the length 
was extended it was discovered that the most efficient length was half of the height of the load 
at 200 mm with a value of 749.60 N. Proceeding further than this height resulted in an increase 
in drag force.  
 
After discovering the ideal length for each dimension, they were combined to provide the 





























An analysis of the ideal combined ‘x’ and ‘y’ lengths provided a drag force result of 756.36 N, 









Figure 5-12 - 'Optimised' Load 
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5.6. Final Load Design 
 
The design with an x-dimension of 1000 mm and a y-dimension of 100 mm was chosen as the 
optimal design as it generated the least amount of drag force. The dimensions are displayed 





The original roof rack load design experienced a drag force at 25 m/s of 868.89 N. The design 
shown in Figure 5-13 experienced a drag force of 746.54 N. To compare with the vehicle 
without roof racks, the addition of the original roof rack load increased the drag force of a 
vehicle by 47.7%. The final load design increases the drag by 26.9%. In addition to this, the 
design also provides a volume of 0.67 m3 (670 L) for extra storage.  
 
5.7. Final Load Design Fuel Economy 
 
There was no velocity step in this project experimentation which represented 100 km/hr so 25 
m/s (90 km/hr) was utilised as the test speed. It was determined in section 5.3 that the drag 
force increase was consistent over all velocities. Therefore a result at 90 km /hr can be scaled 
up to 100 km/hr which is the most common highway speed on Australian roads. 
The original roof rack load increased the fuel usage from 9.2 L/100 km to 12.7 L/100 km at 
100 km/hr. Equation 8 was used to calculate the expected fuel usage for the final load design. 
 
𝐹𝐸𝑁 = 9.2 + 9.2 × 26.9% × 0.8 
 
𝐹𝐸𝑁 = 11.2 𝐿/100𝑘𝑚 
 
The data shows that optimising a simple roof rack load design can improve the fuel economy 
of a vehicle from 12.7 L/100 km to 11.2 L/100km, a saving of 1.5 L/100km while travelling at 
100 km/hr. 
Figure 5-13 – Final Load Design 
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Chapter 6 - Conclusion 
 
 
6.1. Project Summary 
 
This study investigated the drag force associated with vehicle roof accessories. Firstly, a 
comprehensive literature review was undertaken to understand the fundamentals of vehicle 
aerodynamics and explore design strategies to minimise drag force. Roof racks and their 
accessories were then examined which uncovered a limited amount of literature on their 
aerodynamic impact. Understanding CFD analysis and the methodology of performing wind 
tunnel testing was essential for exploring the knowledge gap in the literature.  
 
A generic computer model of a vehicle was produced and tested in ANSYS software to 
optimise the simulation settings. Next, a simplified model of a popular vehicle was produced 
and a second identical model had generic roof racks and a load attached. Initial testing observed 
the drag increase generated by the load as a percentage. Flow visualisation was used to examine 
flow characteristics. Two physical models were then 3D printed, prepared and tested in a wind 
tunnel to verify the results gathered from the ANSYS models. The models were scaled to full-
size and tested again to collect official data. The results showed that the addition of roof racks 
and a load increased the drag force by 47.7% and resulted in a fuel increase of 3.5 L/100 km.  
 
An optimisation study was then undertaken to alter the load shape and reduce the drag force. 
Four unique modifications were produced, tested with ANSYS simulations and compared with 
flow visualisation. It was discovered that the design with a semi-circle added to the front and 
extra material with chamfer on the rear (Modified Load 4) performed the best, with an increase 
of drag compared to a vehicle without a load of 30.7%. A side study relevant to utes without a 
tray canopy was performed to investigate the effectiveness of relocating the roof racks and load 
to a position behind the cabin and on top of the tray. The study revealed that the drag increase 
compared to a vehicle without a load was 4.3%. 
 
The modified load 4 design was optimised further by exploring the benefits of altering the rear 
of the design. Increasing the length of the load design by 1000 mm changed the drag increase 
from 30.7% to 26.9%. This optimised design improved the fuel economy of the load by 
approximately 1.5 L /100 km. Although this seems insignificant, the fuel saved over a journey 
of 2500 km as mentioned in the Introduction will be huge, saving hundreds of dollars. 
79 
 
The results are satisfactory but further work is required to assess the practicality of the designs. 
 
6.2. Future Work and Limitations 
 
Time management and available resources limited the effectiveness of this project. The models 
used were simplified to reduce computing requirements. It was expected that these models 
would obtain less accurate results, however, the drag increase as a percentage was accepted as 
an adequate comparison tool for this study.  
 
The meshing quality was experimented with to provide an optimal solution that did not require 
excessive computational requirements. Only the student version of ANSYS was available and 
thus there was no option for an ultra-fine mesh beyond five hundred thousand elements. 
Coupling this with a super computer would have increased the accuracy of the testing 
considerably. 
 
Small-scale models were observed in a wind tunnel for real world results. Undertaking tests 
with a full-size vehicle and load, measuring fuel economy and drag force, would have added 
another layer of validation to the project.  
 
Focussing on the drag difference in the models as a percentage was an effective way to 
eliminate the specific vehicle model type. However, more vigorous testing would need to be 
undertaken to determine the effects on other vehicle body shapes such as sedans and SUV’s.  
On the same topic, a rooftop tent was chosen as a representative load for the roof racks. 
However, the results obtained cannot represent many of the typical loads carried by roof racks 
and these should be studied separately.  
 
The optimal load design was 2.6 m long and this could interfere with vehicle stability. The 
dynamic response of the vehicle with a weighted load this large should be analysed to assess 
safety issues. Although the design is aerodynamically effective it will not necessarily be 
effective in the market. The Chrysler Airflow was the first of its kind to be wary of 
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Appendix A - Project Specification 
 
 For: Jacob Broad u1086344  
 
Title: Drag Force Analysis on Vehicle Roof Accessories  
 
Major: Mechanical Engineering  
 
Supervisor: Ahmad Sharifian  
 
Enrolment:   ENG4111 – ONC S1, 2019  
 
 ENG4112 – ONC S2, 2019  
 
Project Aim: To study the effects of vehicle roof accessories on drag and 
investigate methods of reducing this force.  
 
Programme: Version 1, 13th March 2019  
 
1. Research background information relating to aerodynamics of vehicles and 
roof racks.  
 
2. Perform simple hand calculations for expected drag force.  
 
3. Design vehicle models on ANSYS fluent, run simulations and record results.  
 
4. Produce a number of scaled models of vehicle in different variations using a 
3D printer.  
 
5. Analyse effects of drag on small vehicle models using USQ wind tunnel and 
record results.  
 
6. Verify results of both experiments and make recommendations for reducing 
drag.  
 
If time and resources permit:  
 
7. Propose designs for practical drag-reducing devices.  
 
8. Build and test these devices in ANSYS fluent, record and discuss results.  
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Appendix B - Project Resources 
 
 
Table 16 - Project Resources 
Item  Source  Comment  
Computer/laptop  USQ & student  After-hours access to dissertation  
Microsoft Word  USQ & student  Needed to word process dissertation  
Microsoft Excel  USQ & student  Equations and data collection  
LaTeX  USQ  Format software for dissertation  
ANSYS Fluent Software  USQ  Airflow simulation for initial testing  
AutoCad Software  Student  Modelling of designs for 3D printing  
3D printer  USQ  Produce small scale models for wind 
tunnel  
3D printer filament  USQ & student  Material needed to produce small scale 
models  
Wind Tunnel  USQ  Forces air through to a model at set 
speeds  
Wind Tunnel sensors  USQ  Needed to record the drag force 
experienced by models  





















Appendix D - Project Risk Assessment 
 
This research does not involve much risk. However, there are some potential issues that could 
affect the project and the people around it and these will be compared using Table 17. 
 
Table 17 – Risk Assessment 
 
 
The table below portrays the level of risk when comparing severity and likelihood of an incident to 
occur. Green areas are low risk (0-4), yellow areas are medium risk (5-9), red are high risk (10-25). 
 
Table 18 - Risk Level 
 
The risk assessment legend cannot be utilised fully for the risk of the project since it does not 
cover injuries. The ‘severity’ section was replaced with ‘consequence’ to complete Table 19. 
Table 19 – Consequence of Risks 
Hazard  Risk Level  Ways to reduce risk  
Unable to access laboratory 
(Wind tunnel)  
Possible, 
moderate  
Medium Risk (9)  
Negotiate a session with staff many months 
in advance. Book more time than needed.  
Unable to access 3D printer 
or supplies  
Unlikely, minor  
Low Risk (4)  
Book time in with library staff in advance. 
Order materials early and buy more than is 
needed.  
Unable to complete 
experiments due to lack of 
resources  
Unlikely, minor  
Low Risk (4)  
Gather data by other means and apply 
contingency plan  
Loss of data or research  Unlikely, major  
Medium Risk (8)  
Back up all work on multiple storage 
devices and make electronic copies of any 
paper records  
Hazard  Risk Level  Ways to reduce risk  
Laboratory environment 
(Wind tunnel)  
Possible, Minor Injury  
Medium Risk (6)  
Wear correct PPE as needed in 
laboratory. Listen to all instructions 
given by staff.  
Exposure to hot plastic and 
components on a 3D printer  
Possible, Minor Injury  
Medium Risk (6)  
Follow instructions given by staff. 
Wear gloves if needed.  
Computer use: poor posture 
& eye strain  
Unlikely, Minor Injury  
Low Risk (4)  
Take regular breaks from the 
computer screen and only use in a 
well-lit area.  
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Appendix F – Optimising Solution Methods 
 






































































































































































Appendix J – Raw Data from Wind Tunnel Testing 
 
  








1 0.045 14.5 
2 0.045 15 
3 0.04 15 
10 
1 0.225 62 
2 0.245 63.5 
3 0.21 61 
15 
1 0.515 139.5 
2 0.535 138.5 
3 0.515 139.5 
20 
1 0.905 246.5 
2 0.9 247.5 
3 0.915 247 
25 
1 1.415 386 
2 1.415 381 
3 1.45 386 
30 
1 2.065 554.5 
2 2.06 546 

































1 0.08 15.5 
2 0.075 16 
3 0.075 15.5 
10 
1 0.325 61.5 
2 0.305 61.5 
3 0.315 61 
15 
1 0.695 141 
2 0.69 138 
3 0.69 140 
20 
1 1.275 252.5 
2 1.265 248 
3 1.275 250 
25 
1 1.94 381 
2 1.945 370 
3 1.94 375.5 
30 
1 2.88 557.5 
2 2.805 556.5 
3 2.83 556 
 
